INTRODUCTION
The occurrence of gassy sediments and submarine mud volcanoes has been reported in both coastal and deep-water environments (Yun et al. 1999; Fleischer et al. 2001; Lee and Chough 2003) . The origin of gassy sediments has been attributed to the upward migration of biogenic and/or thermogenic gases from deeper parts of sedimentary layers (Lee and Chough 2003; Oung et al. 2006) . Submarine mud volcanoes are created by lateral tectonic compres-sion with gas/fluid upward migration (Milkov 2000) . Gassy sediments and submarine mud volcanoes are the most common pathways that methane, the predominant gas in marine sediments, migrates from the seabed into the atmosphere (Dimitrov 2002) . They become increasingly important in global studies of gas hydrates and climate change.
On the upper continental slope of the Gulf of Mexico, active gas migrations along faults or at mud volcanoes have been identified and their sources attributed to accumulated gas hydrates (Sassen et al. 2001; MacDonald et al. 2003) . Milkov (2000) estimated that methane accumulated in gas hydrate associated with mud volcanoes is about 10 10 -10 12 m 3 at normal temperature and pressure. Judd (1997) estimated that up to 40% of total United Kingdom methane emission was from the continental shelf around UK. It is therefore important to investigate marine gassy sediments and submarine mud volcanoes to better understand the dynamics of shallow-water methane transport, fluid migration and the relationship of these phenomena to gas hydrate.
The area offshore of southwestern Taiwan, where the Luzon subduction system meets with the passive China continental margin, has received large amounts of sediments from the Taiwan mountain belt (Covey 1984; Milliman and Kao 2005) and is tectonically very active Lacombe et al. 2001; Liu et al. 1997 Liu et al. , 1998 Liu et al. , 2004 . The natural environment is suitable for methane production and emission. Many on-land mud volcanoes have been found in southern Taiwan (Yang et al. 2004) . Gassy sediments and submarine mud volcanoes have been observed in this area (Liu et al. 1997 ), but before now there has been no systematic attempt to map their distribution. In the last few years, intensive marine geophysical surveys have been carried out to investigate gas hydrate distribution and its properties in this region ); a dense grid of seismic reflection and chirp sonar profile data have been collected. We have examined this dataset together with previously collected 3.5 kHz and seismic reflection profiles (Fig. 1) , and have identified many mud volcanoes and gassy sediments from the available geophysical datasets. This paper presents the results of our efforts to map the distribution of gassy sediments and submarine mud volcanoes offshore southwestern Taiwan that appear in different geological settings, including shelf, slope, submarine canyons, intra-slope basins and deep-sea basins.
GEOLOGICAL SETTING
The area offshore of southwestern Taiwan is the place where the passive China continental margin meets the Taiwan mountain belt (Liu et al. 1997) . Therefore, there are two distinctive tectonic provinces in this area: the passive China continental margin, and the submarine Taiwan accretionary wedge, separated by a deformation front (Fig. 2) . The structural patterns are quite different in these two provinces: ENE-WSW trending normal faults are observed in the passive continental margin province located in the western part of the study area, while fold-and-thrust structures are the dominant features in the accretionary wedge province to the east. Complex systems of mud diapirs are observed in the Kaoping shelf and slope area (Sun and Liu 1993) Morphologically, the passive China continental margin consists of the South China Sea Shelf, South China Sea Slope and a continental rise at the foot of the slope (Liu et al. 1998 ).
The South China Sea Shelf is the southwestward extension of the Taiwan Strait Shelf. It is shallow and relatively flat, and has a width of about 200 km. The South China Sea Slope presents different slope gradients and topography, marked by submarine gullies and canyons. The deformation front is represented by the lower Penghu Submarine Canyon in the south, and the boundary between the South China Sea slope and the north termination of anticlinal ridges (Liu et al. 2004 ). East of the deformation front, the accretionary wedge province consists of the Kaoping Shelf and Kaoping Slope. The Kaoping Shelf is a narrow and shallow shelf that is the seaward prolongation of the coastal plain of southwestern Taiwan. The Kaoping Slope with a very irregular surface can be divided into upper and lower slope domains. The upper slope domain has NE-SW trending gullies and submarine canyons, while the lower slope domain is characterized by closely spaced N-S to NW-SE trending ridges and troughs formed by structural deformation and surface erosion (Yu and Song 2000) . Since the Pliocene, large amounts of sediments derived from the Taiwan mountain belt have been transported to offshore southwestern Taiwan due to rapid tectonic uplift and high erosion rates (Covey 1984) . The Kaoping River, the largest river in southern Taiwan, dis-charges of about 3.6 × 10 7 Mt of fine-grained sediment annually to the offshore region of southwestern Taiwan (Water Resources Bureau 1998).
METHODS

Data Acquisition and Processing
The datasets used in this study consist of multi-channel seismic (MCS) reflection and sub-bottom profiler (SBP) data. Approximately 10000 kilometers of MCS and SBP profile data were analyzed in this study (Fig. 1) . Those data were collected by the R/V Ocean Research I (ORI) from 1990 to 2005. Most of the survey lines for gas hydrate investigation are oriented in a WNW-ESE direction with a line interval of about 1.86 km. There are two small blocks where seismic surveys have been conducted with 400-m line spacing. The SBP data were collected by a hull-mounted 3.5 kHz system before 2001. That system was replaced by a hull-mounted Bathy-2000P chirp sonar profiler system after 2002. So SBP data used in this study consists of both 3.5 kHz analog profiles and digital chirp sonar profile data. The Bathy-2000P is a chirp sub-bottom profiling system using an 8 kHz bandwidth FM chirp waveform. The system could provide 8-cm resolution sub-bottom profiles of sediment strata with bottom penetration up to 200 meters in an ideal environment. It is designed for applications in rivers, harbors, and coastal waters, and performs to depths of 6000 meters.
The MCS data were collected using a multi-channel seismic data acquisition system onboard OR1 that consists of a 24-to 48-channel solid streamer, a 3-airgun source array (about 550 in 3 in total column), and the DFS-V recording system. The MCS data were processed using the ProMAX interactive seismic data processing system. The processing sequences follow that suggested by Yilmaz (1987) .
The advantage of combined analyses of both SBP and co-collected seismic reflection profiles is that we could have a clear image from the seafloor to deeper parts of the strata. The sub-bottom profiler could acquire high-resolution data, but the penetration is limited to 200 meters and usually much less. Seismic reflection images could cover the deeper parts of the strata, but the resolution is not as good as the sub-bottom profiler. Combining analyses of these two types of data could help us to obtain a better understanding of the structure and origin of the gassy sediments and submarine mud volcanoes identified in this study.
Identification of Gassy Sediments
Gassy sediments and mud volcanoes contain free gases. Free gas is known to produce impedance contrasts between gassy sediments and the surrounding gas-free strata that generate the distinctive acoustic characters of the seafloor, such as blank zones, bright reflectors, etc. These special acoustic characters could easily be identified on the SBP and high-resolution seismic reflection images. We present some examples bellow, and the locations of these examples are shown in Fig. 3 .
The presence of large amounts of free gas within the sediments results in absorption of most of the high-frequency acoustic energy, producing a shielding effect and an anomalous reflection-free zone immediately below on SBP images. The acoustic blanking with a sharp boundary could be easily identified on the chirp sonar profiles (Fig. 4a ) and 3.5 kHz subbottom profiles (Fig. 5a ), especially where sediments are well-stratified.
Identification of Submarine Mud Volcanoes
Submarine mud volcanoes are identified in the sub-bottom profilers as dome structures of convex-upward geometry; the width of a typical mud volcano is 100 -200 meters, and rises to 15 -50 meters above the surrounding seafloor. The parallel reflectors of the sediments around mud volcanoes were clearly bent, and the mud volcanoes are generally accompanied by columnar acoustic blanking, caused by fluid upward migration. In the MCS profiles, what we observed are the disturbed and enhanced sub-horizontal and parallel reflectors of the sediments in columnar shape. They are the indicators of feeder channels, the paths of upward migration of gases or pore fluids in submarine mud volcanoes. 
OBSERVATIONS
Distribution of Gassy Sediments and Mud Volcanoes
In this study, we have identified more than 70 features that present acoustic characters of submarine mud volcanoes and gassy sediments. We mapped their locations (Fig. 2) and listed their occurrences in Table 1 . It appears that gassy sediments and submarine mud volcanoes are patchily distributed in the study area off southwestern Taiwan.
In our observation, the acoustic characters and distribution patterns are somewhat different in the passive China continental margin province than in the accretionary wedge province. In the passive continental margin province, fewer gassy sediments and submarine mud volcanoes were found. The main group of submarine mud volcanoes is located on a ridge at 22°05'N, 119°11'E in the lower South China Sea Continental Slope. There are a few individual mud volcanoes observed on the upper continental slope.
In the accretionary wedge province, a dense distribution of gassy sediments is observed on the Kaoping shelf and upper slope domain where water depths are shallower than 1000 meters. Seismic profilers reveal that they are located above mud diapir structures. These gassy sediments are aligned parallel to the axes of several mud diapiric ridges. Further away from the mud diapirs, less gassy sediments are observed. In addition, submarine mud volcanoes can be grouped into four main clusters. They are offshore Kaohsiung, adjacent to the Kaoping Submarine Canyon, near the head of the Fangliao Submarine Canyon, and along the Yung-An Lineament. Each cluster is composed of several to more than 10 submarine mud volcanoes.
Accretionary Wedge Province
We have identified gassy sediments at 25 sites in the accretionary wedge province offshore of southwestern Taiwan. They usually show acoustic blanking zones with irregular seafloor relief on SBP images (Figs. 4a, 5a ). Their widths are from 80 m to several hundred meters and heights are 20 -60 m. Some acoustic blanking zones have reached the seafloor whilst others have not. On the corresponding seismic reflection images, both irregular seismic blanking zones and faults that could be the main paths of gas migration (Figs. 4b, 5b ) are observed. This suggests that faults and fractures play an important role in the formation of gassy sediments.
The submarine mud volcanoes in the study area have different morphological appearance. The cluster offshore of Kaohsiung is composed of 10 -15 linearly aligned mud volcanoes along the suggested offshore extension of the Chishan Fault. They appear in dome shape on 3.5 kHz analog profiles (Fig. 6a) . On 3.5 kHz analog profiles, we could easily observe a feeder channel below the mud volcano (Fig. 6b) .
There are several individual submarine mud volcanoes scattered adjacent to the Kaoping Submarine Canyon. The flanks of many mud volcanoes are steep. The tip of one mud volcano rises to over 34 meters above the seafloor (Fig. 7) . This suggests that the viscosity of the mud is quite high. The different dip of the strata on either side of this mud volcano suggests that there may be a fault cut through the sedimentary layers and that fault also acts as the conduit for upward migrating fluids. Figure 8a shows a submarine mud volcano with a columnar acoustic blanking zone at 0.1 ~ 0.14 s TWT on a section of 3.5 kHz SBP from cruise OR1-320. The acoustic blanking zone extends to the seafloor and formed a dome shape mound. The corresponding seismic reflection image (Fig. 8b) shows an acoustic chimney and disturbed reflectors of a feeder channel above a muddy diapir. Figure 9a shows a cone-shaped mud volcano near the Yung-An Lineament where a channel-like acoustic blanking zone is obvious. The mud volcano has a width of about 200 m and a height of 3 m. A mound was at the apex, and the fluids that pass through the conduit disturb the overlying sediments. Figure 9b shows the seismic image of the same section. Enhanced reflections are observed from the sea floor to 2.35 s TWT where a strong reflector is present in the left half of the seismic reflection profile. The strong reflector is interpreted as a bottomsimulating reflector (BSR). The BSR seems to terminate against a west-dipping fault (Fig. 9d) . We suggest that the fault could act as a conduit for the fluid to migrate upward to the surface, and thereby formed the mud volcano observed on the seafloor.
Passive Continental Margin Province
A group of submarine mud volcanoes are observed on a slope ridge about 22°05'N, 119°11'E in the upper portion of the South China Sea Continental Slope. There are also several submarine mud volcanoes scattered in the passive continental margin province. Figure 10 shows a cone-shape submarine mud volcano. Its height is about 20 m and diameter is about 345 m. The chirp sonar signal could penetrate to only about 50 m below the seafloor in this area, thus it is hard to observe the fluid disturbance in the deeper part. In the corresponding seismic reflection profile, columnar chaotic signals could be observed below the submarine mud volcano, and the amplitudes of some reflections are strong. The columnar chaotic signals may be reflected from the feeder channel of the volcano.
DISCUSSION
Submarine mud volcanoes have been reported in many places around the world. In the Nankai trough and the Barbados accretionary wedge, mud volcanoes were discovered seaward of the deformation front (Milkov 2000) . The distribution of submarine mud volcanoes offshore of southwestern Taiwan is somewhat different from these cases. First, two distribution patterns are observed in the study area: in the passive China continental margin province, most mud volcanoes are observed on slope ridges, especially in a centralized area around 22°05'N, 119°11'E; while in the accretionary wedge province, approximately 70% of the mud volcanoes are distributed in the Kaoping Shelf and upper Kaoping Slope. Their origin may be linked to fluids escaping from mud diapirs below. In the deep water area (water depth > 1000 m) (a) 3.5 kHz sub-bottom images and (b) the corresponding seismic reflection profile.
of the accretionary wedge, mud diapiric features become fewer. Although fracture systems and thrust faults in the active accretionary wedge can act as migration pathways, we could observe only a few mud volcanoes in the deep water area. The distribution of gassy sediments is also different between the accretionary wedge province and the passive China continental margin province. The number of identified features in the accretionary wedge margin is a lot more than that in the passive margin province. One of the reasons could be due to the ruggedness of the seafloor due to submarine erosion and less sediment accumulating on the SCS slope. Gassy sediments occur most frequently along fault zones. It is not easy to identify gassy sediments without the laminated strata in the submarine canyon area of the SCS slope.
The sizes of submarine mud volcanoes in the regions offshore of Barbados and in the Gulf of Mexico could reach several kilometers in diameter (Milkov 2000) , while the sizes of mud volcanoes off southwestern Taiwan are relatively small with diameter widths in the ranges of several hundred meters. But we have identified up to 50 mud volcanoes in this study (Table 1) . The gassy sediments are usually accompanied by pockmarks (Dimitrov and Woodside 2003) . Pockmarks are depressions which were formed by outbursts of high-pressure gases or fluids, and frequently occur in areas of fluid discharge. They need fine-grained sediments to support their structure and long existence. Off southwestern Taiwan, we have observed many patches of gassy sediments, but neither pockmark-like depression nor buried depression has been identified on the seafloor. We do not know whether no pockmark existed, or fast accumulation of sediments derived from the Taiwan mountain belt has covered the pockmarks. More detailed seafloor mapping, such as side-scan sonar or swath bathymetry surveying needs to be carried out to address this question.
High-resolution seismic reflection and SBP profiles show that some mud volcanoes have upward-dipping sedimentary strata around them, suggesting expulsion of thick fluid material. Brecciaed mudstones observed in the core samples collected off southwestern Taiwan (Chern Further evidence of active gas migration from deeper strata to the seafloor and into the seawater comes from geochemical investigation. High concentrations of methane in seawater and in seafloor sediments have been reported in many places offshore of southwestern Taiwan Yang et al. 2006; Chen and Tseng 2006) , where mud volcanoes and/or gassy sediments are also observed. The distribution of gassy sediments and submarine mud volcanoes is interwoven in our study. In some area, we could find both of them within a small distance (Fig. 5) . This implies that their source could be the same, but the mechanisms to form gassy sediments and submarine mud volcanoes may be different. We suggest that fluid pressure in the strata may play an important role in the submarine mud volcano formation. Submarine mud volcanoes would be formed when the fluid pressure of the gases accumulated in a geological trap exceeds some threshold and causes an eruption, while gassy sediments are usually observed near existing faults and fractures which are good gas migration channels. The tectonic structures offshore of southwestern Taiwan are quite complex. We need more data to identify the relationship of gassy sediments and mud volcanoes.
CONCLUSION
The observation presented in this study clearly shows that gassy sediments and mud volcanoes are common features off southwestern Taiwan. We map the location of the gassy sediments and submarine mud volcanoes, and also measure their heights and widths. Their distribution could be grouped into five main clusters, four in the accretionary wedge province: offshore Kaohsiung, adjacent to the Kaoping Submarine Canyon, near the head of the Fangliao Submarine Canyon, and along the Yung-An Lineament, and one on top of a slope ridge in the passive continental margin province. Mud volcanoes located in the shelf and upper slope area where water depths are shallower than 1000 m in the arretionary wedge province could be related to mud diapiric activities. The formation of other mud volcanoes could the result of gas hydrate dissociation and the rising of high-pressure fluids along faults and fractures.
